ABSTRACT IntraspeciÞc color polymorphism is widespread in insects, and various mechanisms have been proposed to explain its maintenance. Some explanations rely on the effect of body color on the organismÕs thermal physiology. Darker individuals accumulate solar energy more efÞciently, and therefore, dark body coloration in insects is frequently presumed to be an adaptation to low temperature conditions. However, it is largely unclear what is the importance of the thermal biology in comparison to other potential selective forces on body coloration. In this study, we evaluated the role of temperature as a potential selective factor maintaining color polymorphism in aposematic larvae of the moth Orgyia antiqua L. It was found that darker, and thus less aposematic, larvae accumulated solar energy more efÞciently. However, in a set of laboratory and outdoor experiments, we found no evidence of temperature-dependent performance of different color morphs or in development of different morphs induced by rearing temperature. We conclude that the effects related to thermal physiology are not likely important determinants of optimal coloration in O. antiqua. The reasons may lie in high mobility of the larvae, which allows for effective behavioral thermoregulation, which is also shown in this study. Our results caution against an uncritical extrapolation of results obtained for model organisms and indicate the need for giving more attention to the speciesspeciÞc ecological background in ecophysiological studies.
IntraspeciÞc color polymorphism is widespread in insects. Often, there are clear geographical clines (Thompson 1988 , Majerus 1998 but also the cases of a stable coexistence of different morphs within one population are ubiquitous (Fields and McNeil 1988 , Porter 1997 , Forsman 2000 . Color polymorphism may have a genetic basis (Goulson 1994, Oda and Ishii 2001) or may be based on a plastic reaction norm (termed polyphenism: Kingsolver and Wiernasz 1991 , Matena 1995 , Nice and Fordyce 2006 . Irrespective of these proximate aspects, the cases when natural selection has not led to Þxation of an optimal phenotype invariably call for evolutionary explanations. Nevertheless, despite a high number of case studies, our understanding of the evolutionary ecology of color polymorphisms has remained fragmentary; generalizations cannot easily be achieved (Gray and McKinnon 2007) .
Frequency-dependent selection represents perhaps the most widely appreciated evolutionary mechanism, leading to a stable coexistence of differently colored conspeciÞcs Kamil 1998, Punzalan et al. 2005 ). An elegant example of a polymorphism maintained by frequency-dependent predation is the color variation of male guppies (Poecilia reticulata) (Olendorf et al. 2006) . To the best of our knowledge, however, this mechanism has not been convincingly shown in naturally polymorphic insects (for experiments with artiÞcial insects, see Allen et al. 1998 and Bond and Kamil 1998 , 2002 .
Nevertheless, more proximate, physiologically based scenarios should not be neglected. One such mechanism is related to the property of a darker body to better absorb radiation. This links thermal biology to the question of maintenance of color polymorphism, because one should expect darker morphs to prevail in conditions in which temperature is a limiting factor for insect development. Indeed, various correlative evidence has been accumulated in support of this idea (reviewed in Majerus 1998), e.g., Colias butterßies have been shown to be darker at higher altitudes and latitudes (Roland 1978) . As another example, larvae of the swallowtail butterßy were found to be more melanic in the cooler season (Hazel 2002) . Moreover, developing darker morphs in cooler conditions has frequently been documented in laboratory conditions (Goulson 1994 , Hazel 2002 , Davis et al. 2005 ).
However, several experimental studies on polymorphic insects have shown a proximate relationship between coloration and the efÞciency in absorbing solar radiation (Digby 1955) . Also, a temperature-dependent performance of different morphs has been shown repeatedly (Roland 1982 , Guppy 1986 , Goulson 1994 , De Jong et al. 1996 , Hazel 2002 , Gross et al. 2004 . In a few cases, it has been reported that the darker, cool environment morphs have different thermal optima (Forsman 1999 , Forsman et al. 2002 , Gross et al. 2004 ). However, the possibility that color morphs may differ in ecophysiological parameters not directly related to absorbing radiation still remains insufÞciently studied.
Necessarily, any results of physiologically oriented studies have to be placed in the behavioral and ecological context of the species in question. In particular, considering the peculiarities of the thermoregulatory behavior (Van Dyck and Matthysen 1998 , Forsman 2000 , Nice and Fordyce 2006 of the insect studied is crucial for evaluation of the role of thermal biology in the maintenance of intraspeciÞc color polymorphisms. Moreover, when there are reasons to expect alternative, simultaneously operating selective pressures, it is essential to consider the effects of thermoregulation in the context of other factors potentially affecting the optimum. In studies on insect polymorphism, the need to avoid predation should inevitably be considered as an alternative selection pressure, because a trade-off between the two functions of coloration is most likely to occur.
In this study, we evaluated the possibility that temperature-dependent performance of different color morphs may contribute to maintaining polymorphism in a moth species with aposematic larvae. This could be the case if the larval morphs differed in (1) physical properties of the body when exposed to solar radiation, (2) behavioral responses to varying temperatures, (3) responses to different temperature in terms of growth performance, or (4) darker color morphs would tend to be induced under low temperatures. These hypotheses were tested in a series of experiments with laboratory-reared larvae.
Materials and Methods
Study Species. Orgyia antiqua L. (Lepidoptera: Lymantriidae) is a diurnally active moth species with a broad holarctic distribution. The solitary polyphagous larvae typically pass through four to Þve (males) or Þve to six (females) instars (Esperk and Tammaru 2006) . The species is univoltine in northern Europe; the egg is the overwintering stage, with the adults ßying in August and September. The development of the larvae thus occurs in midsummer: in northern Europe, the fully grown larvae are most frequently seen in the beginning of August.
The larvae are hairy with a blackish background color. From the fourth-larval instar onward, they have four conspicuous hair tufts on their fourthÐseventh segments, covering Ϸ15% of the dorsal surface. The color pattern formed by the four hair tufts is classiÞed into one of three distinct classes: (1) two black tufts anteriorly and two yellow posteriorly; (2) all four bright yellow; or (3) all four brown. Henceforth, these morphs will be labeled as pied, bright, and dull, respectively. The Þrst two phenotypes are nearly monomorphic, but within the dull class, there is a considerable continuous variation from dark yellow to dark brown. Note that the conspicuous polymorphism affects only the color of large dorsal tufts; there are no obvious differences in the structure of the hair cover or coloration of other body parts (the dark gray hairless cuticula, blackish tufts just behind the head, laterally, and at the posterior tip of the body). In a previous study (Sandre et al. 2007a) , we showed that the color polymorphism in O. antiqua is based on a variable concentrations of a carotenoid pigment (lutein). The variation in the coloration has both genetic and environmental components. Frequently, an individual larva develops different color morphs in different instars.
The existence of darker, dull-colored morphs side by side with the bright yellow ones calls for explanation, particularly because the dark larvae appear to sacriÞce the effectiveness of their warning coloration (Sandre et al. 2007b) . Stable coexistence of these morphs leads one to expect counterbalancing beneÞts for the darker, less conspicuous individuals, and such beneÞts could thus well be related to the efÞciency of thermoregulation.
The larvae used in the experiments originated from a noninbred laboratory culture of Estonian and Finnish origin. All the larvae were reared in the laboratory individually in clear 50-ml plastic vials on the leaves of silver birch (Betula pendula Roth). Color morphs were determined by visual inspection on the second day after molting into the instar in which experiments were performed.
Measuring Accumulation of Solar Radiation. To determine if the ability to accumulate solar radiation differs between morphs, larvae of O. antiqua were exposed to direct natural sunshine. Body temperature was recorded using a thermocouple inserted into the anus of a live larva. Records were taken in 0.1-s intervals for 30 min from the beginning of the experiment. This time was sufÞcient for the temperature to reach plateau values. In all recordings, two larvae, a bright and a dull one, were used simultaneously, which allowed us to effectively control for environmental conditions unique to each trial. Two identical recording devices were used; different color morphs were equally allocated between the two devices. The larvae were chosen so that their body sizes were similar within a pair, with average body sizes varying from 100 to 240 mg among the pairs. A total of 16 such tests were performed.
To estimate the rate of increase in body temperature, after the initial 30-min period of recording, shade was created by holding a 1 by 1-m cardboard square at a distance of 1 m for 5 min, which allowed the insects to cool down. The shade was removed to let the larvae heat up in direct sunlight. The rate of the subsequent increase of body temperature was estimated as the slope of the linear regression of temperature on time, calculated for an Ϸ30-s period of a linear, noise-free increase, which was present in recordings for all experimental larvae (Fig. 1) .
The thermocouples were made of welded constantane and copper wires (diameter, 0.1 mm), resulting in a connecting point of 0.3 mm in diameter. Signals from the thermocouples were acquired using a computerbased data acquisition system modiÞed from Freitak et al. (2003) . During the measurements, the other end of the thermocouple was submerged in 0ЊC ice water to allow for recordings on the absolute scale. Thermocouples were calibrated using an incubator by measuring temperatures from 0 to 50ЊC with 5ЊC intervals. Calibration lines described the relationship between voltage output and temperature most accurately (R 2 ϭ 99.9%, P ϭ 0.0001). During the trials, for immobilization, the larvae were glued (using cyanoacrylate adhesive) on a 1 by 2-cm white cardboard piece placed on a polystyrene foam plate.
The maximum temperature attained in sunlight and the rate of increase of body temperature (when taken from shade back to full sunlight) were analyzed using repeated-measures analysis of variance (ANOVA), with within-pair difference in larval weight (the weight of the dull larva minus that of the bright larva) as a covariate (StatSoft 1995) .
Behavior of the Larvae. To record the behavioral responses of differently colored insects to changing temperatures, O. antiqua larvae, placed singly on open petri dishes, were exposed to outdoor conditions. Two replicates of the experiment were performed on 22 June and 25 August 2005 (see Table 1 for sample sizes and frequencies of color morphs). By means of adjusting rearing temperature individually (see Tammaru 1998 for methods), all larvae were ensured to represent exactly the same developmental stageÑthe third day of their Þfth instarÑand were weighed before the experiment. Larvae were provided a short shoot of birch with three leaves as food but, at the same time, the leaves provided the larvae a possibility to hide from sunshine. The larvae were introduced to the experimental arena before sunrise and were observed for 3 h. In 20-(June) or 15-(August) min intervals, positions (exposed or hidden below the leaf) of all larvae were recorded. After the 3-h trial, all experimental larvae were weighed to record their mass increments.
The effect of color morph on weight increment was analyzed with analyses of covariance (ANCOVAs), with weight before the trial as a covariate. A repeatedmeasures logistic regression (PROC GLIMMIX, SAS; Littell et al. 2002 , the repeated design accounting for several measurements on a single larva) was run to analyze the position of a larva (exposed or hidden) as dependent on color morph and time. Because the sun was rising and the sky was clear, there was a steady increase in the intensity of solar radiation and temperature (from 10 to 20ЊC in June and from 18 to 25ЊC in August) during the experiment, which allowed us to use the time since the beginning of the experiment as a proxy of these environmental variables.
Growth Performance of the Larvae. Data studying whether temperature and coloration interact in determining growth performance in the absence of solar radiation were obtained from two different experiments. First, a sample of larvae was reared, singly in plastic vials, under two different constant temperatures (rearing chambers with 17 and 22ЊC) during their fourth instar (the laboratory rearing experiment; Table 1 ). To avoid the effect of a phenological change in food quality (e.g., Ayres and MacLean 1987) , birch leaves were conserved (sealed in plastic bags, kept at ϩ2ЊC, Tammaru 1998) on the Þrst day of the trial, and only conserved food was used until the third day of the Þfth instar. Initial and Þnal weights of the fourth instar were recorded by weighing the molting larvae. The relative growth increments were analyzed as dependent on temperature and color morph of the larvae. In respective ANCOVA models, sex and brood were used as additional factors, and weight in the beginning of fourth instar was included as a covariate. The experiment was run in two replicates in June and August 2006 (see Table 1 ).
Second, relevant information could be retrieved from an experiment in which larvae of O. antiqua were reared in plastic vials under ambient temperatures. These larvae experienced a natural photoregimen but were protected from direct sunshine (the outdoor The differences in morph frequencies between instars are discussed in Sandre et al. (2007a) . A brood is offspring of an individual female. Fig. 1 . A typical recording of temperature dynamics of a pair of O. antiqua larvae (a dull and a bright one), exposed to direct sunshine. The rate of increase was recorded when the artiÞcial shadow was removed. rearing experiment; Table 1 ). The ultimate purpose of the experiment was to monitor various aspects of larval development throughout the vegetation period (Tammaru et al. 2007 ), so all broods (i.e., egg clutches) were divided to Þve parts that were allowed to hatch with 1-wk intervals. By doing so, Þve "waves" of asynchronously developing larvae were created, which were thus partly exposed to different temperatures because of natural variation in this variable.
Temperature was continuously recorded throughout the season in 4-h intervals using a datalogger. For each of the waves, mean temperature experienced during the fourth instar of the larvae was determined as the arithmetic mean of recorded values during the period from the median date of molting into the fourth instar to the median date of molting into the Þfth instar (Table 2) . Larvae were weighed when molting into successive instars, so the within-instar mass increment could be used as the variable describing larval growth performance and was used as such in ANOVAs with color morph and wave as independent variables. The data for the outdoor rearing experiment could alternatively be analyzed with temperature as a three-level independent variable, because the waves fell into three groups according to their average temperatures (i.e., the similar Þrst and second, as well as fourth and Þfth waves could be pooled; Table 2 ). Sex and brood were used as additional factors, and weight in the beginning of the fourth instar as a covariate in respective ANOVA models.
Role of Temperature in the Induction of Color Morph. The two experimental settings described in the previous section were also used to study whether ambient temperature affects determination of color morph to be displayed in the following instar. In particular, it was asked whether color of the tufts a larva developed in its Þfth instar was dependent on rearing temperature in the preceding (fourth) instar. Accordingly, color morph of the Þfth instar was used as a two-level (bright versus dull, there were no pied larvae in the Þfth instar) dependent variable when comparing the larvae having developed in different conditions (two temperature regimens in the laboratory rearing experiment or the Þve asynchronous waves in the outdoor rearing experiment, respectively) in their previous instar. Logistic regression (SAS PROC GENMOD, Littell et al. 1996) with treatment or wave (with Þve or three levels, see above) as independent variables was used to estimate the effect of temperature on tuft color (see Table 1 for sample sizes and frequencies of color morphs). Brood, sex, and body weight at the beginning of Þfth instar (coloration is partly size-dependent; Sandre et al. 2007a,b) were used as additional independent variables.
Results
When exposed to sunshine, the bodies of the darker dull larvae accumulated heat more efÞciently than those of the lighter bright larvae, as indicated by 2.5 Ϯ 3.6ЊC (SD; 37.9 versus 35.7ЊC, on average) higher maximum temperatures (Table 3) . The difference in the rate of increase of body temperature corroborated the above result, although did not quite attain signiÞcance (repeated-measures ANOVA: F 1,12 ϭ 3.59, P ϭ 0.082): the average slope was 0.44ЊC/s in the dull larvae compared with 0.39ЊC/s in the bright ones (Fig. 1) .
When exposed to the rising sun (the behavior experiment; Table 1), the larvae Þrst fed openly on upper surfaces of the leaves but then tended to hide beneath them. The timing of this behavioral change was independent of color morph ( Fig. 2; Table 4 ). Even if all the larvae were observed feeding, the change in their live weight during the experiment was frequently negative, most likely explained by dehydration under the conditions of direct sunshine (June: mean mass change, ϩ0.63 mg; maximum, 38.2 mg; minimum, Ϫ27.4 mg; August: mean, Ϫ0.51 mg; maximum, 27.3 mg; minimum, Ϫ32.7 mg). The change was not, however, associated with the color morph (ANCOVA: JuneÑR 2 ϭ 6.8%, F 1,57 ϭ 0.16, P ϭ 0.69; AugustÑR 2 ϭ 0.79%, F 1,87 ϭ 0.72, P ϭ 0.40). In the laboratory rearing experiment (Table 1) , the instar-speciÞc growth increments were higher under low temperature conditions but were not affected by the color morph of the larvae. Importantly, there was no evidence of a color ϫ temperature interaction in the constant temperature rearings (Table 5) ; no corresponding interactions were signiÞcant under the Weight difference of the two differently colored larvae analyzed simultaneously was used as a covariate. ambient conditions of the outdoor rearing experiment, both when the wave being considered a Þve (ANOVA; color ϫ wave: R 2 ϭ 0.96%, F 4,141 ϭ 0.71, P ϭ 0.55) or a three-level variable (ANOVA; color ϫ wave group: R 2 ϭ 0.30%, F 2,145 ϭ 0.51, P ϭ 0.60). Rearing temperature did not affect induction of the color morph in the successive instar: there were no differences in the frequencies of the morphs displayed in the Þfth instar between the temperature treatments (logistic regression: df ϭ 1, 2 ϭ 0.084, P ϭ 0.77) or between different waves either as a Þve-(logistic regression: df ϭ 4, 2 ϭ 7.23, P ϭ 0.12) or three-level variable (logistic regression: df ϭ 2, 2 ϭ 3.53, P ϭ 0.17).
Discussion
Even if color differences were restricted to the protrusive hair tufts, larval morphs of O. antiqua differed in their physical properties in the expected direction: body temperatures of the darker dull larvae reached higher values in direct sunshine. Notably, however, irrespective of the color morph, the values of the body temperature of the larvae (reaching as high as 50ЊC in some individuals) were predominantly in the range of superoptimal ones (Heinrich 1993) . In the conditions of a clear midsummer day, the objective of an adaptive larval behavior should thus be hiding from sunshine rather than searching for better basking possibilities. This conclusion places the thermoecology of O. antiqua larvae in a context different from that of most previous studies in the Þeld: darker individuals are at a disadvantage.
The observations made during the behavior experiment were consistent with the above conclusion. Indeed, irrespective of coloration, larvae systematically attempted to escape direct sunshine starting from 1.5 h after sunrise, hiding beneath host plant leaves (Fig. 2) . Consistently, the larvae frequently displayed losses in their live weights, which also indicates that the temperatures experienced were still superoptimal. The results of the behavior experiment also showed that, even though differently colored larvae were shown to accumulate solar energy at different rates, the practical signiÞcance of the difference is apparently low enough not to cause any notable difference in the time being exposed versus not being exposed to sunshine (Table 4) .
Similarly, the darker pied and the lighter bright larvae did not respond differently to differences in rearing temperatures (Table 5) . Respective experiments were performed in conditions protected from sunshine, and any potential effect of coloration could not be based on different abilities to accumulate radiation. However, one might still have expected that the color morphs could have been physiologically adapted to different temperature conditions. This is because the theory of phenotypic integration predicts that complexes of functionally related traits are likely to evolve together (Pigliucci 2003) . In particular, a morph adapted to cool conditions should be darker to accumulate solar energy but could perform better in a cooler environment also because of exploiting allozymes with lower thermal optima (Ward et al. 2004) . Evidence from grasshoppers showed that different color morphs could indeed have dissimilar temperature optima (Forsman 2000) , as measured by jumping performance of the two morphs in cool and warm environments (Forsman 1999) . However, the temperature-related growth performance did not differ in the morphs of our study species (Table 5) . Time was measured from the beginning of the experiment (just before sunrise) and reßects the steadily increasing levels of solar radiation (Fig. 1) .
Furthermore, rearing temperatures during the fourth instar did not affect the frequencies of the color morphs in the subsequent instar. Our results thus do not conÞrm conclusions of analogous experiments that have shown the induction of darker morphs under cool conditions in lepidopteran larvae with a phenotypically plastic coloration (Goulson 1994 , Solensky and Larkin 2003 , Nice and Fordyce 2006 . This further supports the conclusion of the negligible role of thermal adaptation in the maintenance of color polymorphism in O. antiqua larvae.
In summary, the evidence suggests that darker coloration of the dull morphs hardly provides an advantage in terms of thermoregulation. In particular, larvae of O. antiqua develop in midsummer when solar radiation appears to be in excess rather than in short supply. The temperatures may, however, be suboptimal during nights and in cloudy days, but, as our laboratory rearing experiments showed, nothing seemed to be gained from dark coloration in the absence of solar radiation. Moreover, the larvae of Orgyia are highly mobile and were proven to be capable of active behavioral thermoregulation. Living typically in the foliage of deciduous trees, they also experience no shortage of places with different temperature from which they are free to select. This should leave the physical properties of the body only a minor role in temperature regulation, favoring the evolution of behavioral responses rather than plasticity in coloration. The aspects of thermal physiology thus hardly form important selective forces on larval coloration in O. antiqua, and the mechanism of maintaining color polymorphism is thus much more likely related to behavioral responses of insectivorous birds, the main natural enemies of large lepidopteran larvae (Glen 2005) . Indeed, there is evidence that both acceptability and detectability of Orgyia larvae is dependent on color morph (Mä nd et al. 2007 , Sandre et al. 2007b .
This study emphasizes the need to carefully consider species-speciÞc traits when judging the potential role of temperature-related factors in the context of maintenance of color polymorphism. In particular, the situation could well be different in lepidopteran species with overwintering larvae as in species where a large fraction of active larval life is spent in conditions in which heat is an important limiting factor. Moreover, we should expect that the darkness-related capability of energy accumulation is more important in larvae that live among sparse vegetation in the ground layer in which there are limited possibilities to select sites with a suitable temperature regimen (Fields and McNeil 1988) or if the larvae have much more limited mobility than those of Orgyia spp. (Hazel 2002) .
